Alien reptiles on Mediterranean Islands : A model for invasion biogeography by I.R. Silva-Rocha et al.
Diversity and Distributions. 2019;25:995–1005.	 	 	 | 	995wileyonlinelibrary.com/journal/ddi
 
Received:	2	March	2018  |  Revised:	31	January	2019  |  Accepted:	13	February	2019
DOI: 10.1111/ddi.12911  
B I O D I V E R S I T Y  R E S E A R C H
Alien reptiles on Mediterranean Islands: A model for invasion 
biogeography






































Aim: The	Mediterranean	basin	has	a	 long	history	of	 interactions	between	humans	
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1  | INTRODUC TION
Isolation	and	island	size	limit	the	number	of	terrestrial	organisms	










global	movement	 of	 species	 associated	with	 human	 activities,	 a	
different	 equilibrium	 is	 expected	 to	 be	 established	 compared	 to	
natural	conditions.	As	such,	human‐mediated	introduction	of	alien	
species	 to	 islands	might	 lead	to	 increases	 in	 the	distribution	and	
numbers	 of	 the	 colonizing	 species	 but	 also	 to	 the	 extinction	 of	











Assessing	 whether	 a	 given	 insular	 species	 is	 alien	 is	 crucial	




colonization	 is	 unlikely	 for	 species	 originating	 from	 very	 distant	
localities.	 However,	 in	 many	 cases,	 invasions	 are	 more	 difficult	
to	disentangle	 from	natural	colonization,	particularly	 if	 introduc‐
tions	are	ancient,	 if	species	originate	from	nearby	regions,	and	if	
invaders	are	well	integrated	into	the	insular	ecosystems.	In	recent	
years,	 development	 of	 molecular	 genetics	 and	 phylogeographic	
tools	has	greatly	improved	our	understanding	of	invasion	dynam‐
ics	 and	 the	demography	of	 biological	 invasions,	 allowing	 a	more	
objective	 determination	 of	 alien	 status	 (Le	 Roux	 &	 Wieczorek,	
2009).	Nevertheless,	only	a	small	subset	of	putatively	alien	popu‐
lations	has	been	investigated	in	depth	using	genetics	and	it	will	not	
be	 feasible	 to	assess	 the	alien	 status	of	 insular	populations	over	
broad	taxonomic	and	geographic	scales	using	the	same	approach.	
Moreover,	some	patterns	of	low	genetic	diversity	and	shallow	di‐
vergence	 can	 be	 explained	 either	 by	 human	 introductions	 or	 by	
recent	 natural	 colonization	 by	 very	 small	 propagules	 (e.g.,	 Silva‐
Rocha,	Salvi,	&	Carretero,	2012;	Salvi	et	al.,	2011;	Salvi,	Schembri,	
Sciberras,	 &	 Harris,	 2014).	 Integrating	 genetic	 data	 and	 human	
factors	within	 eco‐geographic	 analyses	 (Avise,	 2000)	may	be	 an	
effective	approach	 for	 identifying	 the	drivers	of	 island	 invasions	
and	 unravelling	 the	 status	 of	 cryptic	 invasions.	 Yet	 to	 date,	 this	
approach	has	rarely	been	implemented.
The	 Mediterranean	 region	 is	 a	 world	 biodiversity	 hotspot	
(Myers,	Mittermeier,	Mittermeier,	da	Fonseca,	&	Kent,	2000)	with	
one	 of	 the	 longest	 histories	 of	 interaction	 between	 humans	 and	
biodiversity,	and	multiple	 introductions	of	alien	species	occurring	
over	 millennia	 (Blondel,	 Aronson,	 Bodiou,	 &	 Boeuf,	 2010).	 As	 a	
striking	example,	 the	Balearic	 Islands	once	harboured	substantial	
levels	of	endemicity,	as	witnessed	by	the	rich	fossil	record,	but	now	
host	more	 alien	 than	native	 reptile	 and	 amphibian	 species	 (Pinya	
&	Carretero,	2011;	Silva‐Rocha,	Salvi,	Sillero,	Mateo,	&	Carretero,	
2015).	This	 is	due	 to	 the	historical	 role	of	 the	archipelago	as	 the	







Despite	 being	 terrestrial	 and	 largely	 sedentary,	 reptiles	 are	
among	the	most	abundant	vertebrates	on	small	islands	(Novosolov	
et	al.,	2016)	and	are	often	introduced	by	humans	during	the	trans‐
port	 of	 building	 material,	 soil	 or	 cultivated	 plants.	 Thus,	 islands	








invasions	and	determining	 the	currently	unclear	 status	of	 certain	
species.
In	this	paper,	we	address	the	following	questions:	 (a)	what	fac‐
tors	 are	 associated	 with	 the	 distributions	 of	 alien	 reptiles	 in	 the	
Mediterranean	region	 in	the	 long‐term;	 (b)	what	 is	 the	relative	 im‐
portance	of	geographic	and	human‐driven	factors;	(c)	which	reptile	
groups	are	most	 frequently	 introduced	and	what	are	their	specific	
traits;	and	 (d)	 is	 it	possible	to	 integrate	genetic,	biogeographic	and	
life	history	information	to	infer	the	status	of	island	reptiles	for	which	
accurate	 information	 is	 available?	 To	 address	 these	 questions,	we	
constructed	a	broad‐scale,	multispecies	database	with	the	verified	
status	 (native/alien)	 of	 island	 reptiles,	 with	 status	 ascertained	 via	
genetic	 and	 phylogeographic	 studies.	We	 then	 assessed	 the	 rela‐
tionships	 between	 status	 and	 (a)	 island,	 (b)	 human	 and	 (c)	 species	
characteristics,	 to	 identify	 the	 eco‐geographic	 and	 human	 factors	
that	increase	the	probability	that	a	reptile	species	is	alien	on	islands.	
If,	 in	 the	 long‐term,	 geographic	 factors	 exert	 the	 same	 effects	 on	
native	 and	 alien	 species	 (Whittaker	 &	 Fernandez‐Palacios,	 2007;	
Whittaker,	 Fernández‐Palacios,	 Matthews,	 Borregaard,	 &	 Triantis,	
2017),	we	would	expect	geographic	factors	of	islands	to	be	the	dom‐
inant	drivers	of	alien	species	distribution	(e.g.,	alien	species	would	be	
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more	frequent	on	large	islands,	as	these	can	support	a	higher	num‐
ber	of	species).	On	the	other	hand,	if	the	effects	of	human	activities	
remain	 the	 strongest	 even	 in	 the	 long	 term,	we	would	expect	 the	
distributions	of	alien	species	to	be	dominated	by	human	factors	(e.g.,	
alien	species	would	be	more	frequent	on	islands	with	larger	human	








2.1 | Species and island data
We	focused	on	the	islands	and	species	in	the	Mediterranean	Basin	
(Figure	1).	 Information	on	species	distributions	on	 islands	was	ob‐
tained	 from	 Ficetola	 et	 al.	 (2014).	 For	 each	 island,	we	 considered	
eleven	 variables	 representing	 geographic	 features,	 factors	 associ‐
ated	with	human	impact	on	the	island	and	features	of	a	species’	life	
history,	morphology	and	diet	(Table	1).
The	 study	 focused	 on	 species	 native	 to	 the	 Mediterranean	
region.	 Island	 endemic	 species	 were	 not	 included	 in	 the	 analy‐
sis	because	 they	cannot	be	alien	by	definition.	Likewise,	 species	
that	 clearly	 originated	 far	 away	 from	 the	Mediterranean	 region	
(e.g.,	 the	American	 turtle	Trachemys scripta)	were	 also	 excluded.	
This	 is	 because	 most	 introductions	 have	 been	 from	 within	 the	
Mediterranean	 and	 species	 from	 other	 regions	 could	 have	 very	





Lewin‐Koh,	 2017),	 rgeos (Bivand	 &	 Rundel,	 2017)	 and	 geosphere 
(Hijmans,	(2017))	packages	in	R.	We	obtained	the	native	mainland	
range	of	each	species	 from	the	 IUCN	Red	List	 (IUCN,	2018)	and	
from	 Sindaco,	 Jeremčenko,	 Venchi,	 and	 Grieco	 (2008),	 Sindaco,	
Venchi,	and	Grieco	(2013)	for	species	not	in	the	Red	List	(i.e.,	Anguis 
fragilis,	Chalcides ocellatus,	Coronella austriaca,	Dolichophis caspius,	
Eryx jaculus,	Hemorrhois nummifer,	Malpolon insignitus,	Mauremys 
rivulata,	 Ophiomorus punctatissimus,	 Pseudopus apodus,	 Testudo 
graeca,	Testudo hermanni,	Testudo marginata and Xerotyphlops ver‐
micularis).	Species	names	follow	the	Reptile	Database	(Uetz,	Freed,	
&	Hosek,	2018).
Total	 species	 richness	 can	 also	 affect	 the	 establishment	 of	 in‐
troduced	 species	 (Kennedy	 et	 al.,	 2002).	 Therefore,	 an	 additional	
analysis	was	 performed	 to	 understand	 its	 relevance	 to	 our	 study.	
A	 Poisson	 regression	 was	 performed	 to	 infer	 the	 relationship	
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2.2 | Assessment of alien status
We	performed	an	extensive	literature	review	for	each	species	(see	









divergence	 time	 between	mainland	 and	 island	 populations	 far	 ex‐
ceeding	a	 few	 thousand	years,	which	allowed	human	 introduction	
of	 a	 species	on	an	 island	 to	be	 ruled	out	 (e.g.,	Bellati	 et	 al.,	 2011;	
Poulakakis	et	al.,	2013).	In	other	cases,	island	populations	were	ge‐
netically	 similar	 to	mainland	populations	but	 separated	 from	 them	




considered	uncertain.	 For	our	 study,	we	 relied	on	 the	 conclusions	
stated	by	the	papers	reviewed.	Studies	that	did	not	objectively	con‐
firm	the	alien	status	of	a	population	but,	relied	on	information	from	
other	 authors’	 expertise	 or	 suppositions,	 were	 not	 considered	 to	
have	ascertained	the	alien	or	native	status	of	a	population.
We	built	two	complementary	datasets.	The	first	was	of	cases	





used	 to	 predict	 the	 species	 status	 of	 each	 case	 in	 the	 putative	
dataset.
2.3 | Statistical analyses








ent	 variables.	 This	 approach	 allowed	 simultaneously	 assessing	 the	
role	 of	 island	 and	 species	 features	 in	 determining	 the	 distribution	
and	identity	of	alien	species.
TA B L E  1  Composition	of	the	dataset	with	a	brief	description	of	variables	and	their	importance
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Four	variables	(area,	human	population	size,	body	length	and	dis‐




developed	 from	a	 set	of	 explanatory	 variables,	which	 limits	model	
selection	bias	and	provides	a	relative	measure	of	each	predictor's	im‐
portance	(weight	of	evidence).	All	possible	models	were	then	ranked	
according	 to	 their	Akaike's	 information	 criterion	 (AIC)	 (Burnham	&	
Anderson,	 2002).	 To	 avoid	 collinearity,	 models	 that	 included	 vari‐
ables	with	strong	pairwise	correlation	(|r|	>	0.7)	were	excluded	from	
the	set	of	candidate	models	 (Dormann	et	al.,	2013).	 Island	 identity	















the	 variable	 occurs	 (Burnham	 &	 Anderson,	 2004;	 Giam	 &	 Olden,	
2016).	The	predictor	variable	with	the	largest	predictor	weight	is	es‐
timated	to	be	the	most	important,	while	the	variable	with	the	small‐








dataset.	 A	 cross‐validation	 approach	was	 used	 to	 confirm	 the	 ro‐
bustness	of	predictions,	by	randomly	splitting	the	confirmed	data‐
set	into	three	sub‐datasets	(33%	of	data	each)	and	then	calculating	









Mediterranean	 (Figure	 1).	 Fifty‐three	 cases	 were	 occurrences	 of	








Geckos	 and	 snakes	 were	 the	 groups	 with	 most	 (putative)	 alien	
cases.
3.1 | Variables related to the alien status
We	 found	 a	 strong	 correlation	 between	 island	 area	 and	 human	
population	size,	ferry	presence	and	airport	 (r	=	0.95,	r	=	0.70	and	
r = 0.73,	 respectively)	 and	 between	 human	 population	 size	 and	
both	 ferry	 presence	 and	 airport	 presence	 (r = 0.80 and r	=	0.78,	
respectively).	The	models	with	only	one	of	 these	variables	were	
retained,	 while	 the	 models	 with	 more	 than	 one	 were	 removed	
to	avoid	collinearity	 (Dormann	et	al.,	2013).	The	best	AIC	model	
suggested	 that	 alien	 species	 are	 particularly	 frequent	 in	 islands	
with	 larger	 human	 population	 (B = 5.23	±	0.364;	Z‐value	=	14.37;	
p < 0.0001).	Alien	species	were	also	more	frequent	in	species‐by‐
island	combinations	that	were	further	from	the	continental	range	
of	 the	 species	 (B = 24.83	±	0.741;	 Z‐value	=	33.53;	 p < 0.0001).	
Species	 that	 can	 occasionally	 feed	 on	 plants	 (B = 56.35	±	1.058;	
Z‐value	=	53.27;	 p < 0.0001)	 but	 not	 depend	 on	 vertebrates	
(B = −39.58	±	1.059;	Z‐value	=	−37.36;	p < 0.0001)	were	more	fre‐
quently	 alien	 (Table	 2).	 No	 phylogenetic	 signal	was	 detected	 on	




Some	 uncertainty	 in	model	 selection	 existed,	 as	 several	 alter‐
native	 models	 showed	 ΔAIC	<	5,	 and	 included	 variables	 such	 as	
body	length,	island	area,	presence	of	airports	and	presence	of	ferry	
(Table	 2).	However,	 all	 the	 alternative	models	 showed	 limited	AIC	





Total	 species	 richness	 was	 strongly	 related	 to	 island	 area	
(Poisson	regression	with	total	species	richness	as	dependent	vari‐




population	 and	 island	 size	 (for	 all	 models	 with	 species	 richness,	
ΔAIC	≥	6.86	compared	 to	 the	best	models	 in	Table	2),	 suggesting	
that	species	richness	was	not	a	major	predictor	of	status	of	reptile	
populations.
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3.2 | Assessing the putative status of insular 
populations
The	best	model,	obtained	analysing	the	confirmed	dataset	(Table	2,	




status	 proposed	 in	 the	 literature	 (likelihood	 ratio	 test:	 χ21	=	62.9,	
p < 0.0001).	However,	 in	some	cases	model	projections	suggested	
a	 different	 status.	 Of	 the	 1942	 species	 records	 taken	 as	 native	
in	 the	 literature,	 328	 (16.9%)	were	 projected	 as	 alien.	Among	 liz‐
ards,	geckos	were	the	group	with	most	cases	projected	to	be	alien,	
particularly	 with	 Hemidactylus turcicus (63	 islands)	 and	 Tarentola 
mauritanica	 (69	 islands),	 followed	by	skinks	such	as	C ocellatus (56	
islands)	whereas,	among	lacertids,	wall	lizards	of	the	genus Podarcis 
represented	 the	majority	of	projected	alien	cases	on	 islands	 (222	
islands),	especially	Podarcis sicula (38	islands).	We	also	detected	sev‐








Ranking Model K AIC ΔAIC w
1 Distance	to	Native	Range	+	Human	Population	
Size	+	Plants	Occasionally	–	Vertebrates
15 72.24 0 0.46
2 Distance	to	Native	Range	+	Human	Population	
Size	+	Plants	Occasionally
14 75.20 2.96 0.10
3 Distance	to	Native	Range	+	Plants	Occasionally	
–	Invertebrates	–	Body	Length
15 75.36 3.12 0.10
4 Airport	+	Distance	to	Native	Range	+	Plants	
Occasionally	‐	Vertebrates
15 76.45 4.21 0.06
5 Area	+	Distance	to	Native	Range	+	Plants	
Occasionally
14 76.62 4.38 0.05
6 ‐	Body	Length	+	Distance	to	Native	
Range	+	Vertebrates
14 76.63 4.39 0.05
7 Ferry	Presence	+	Distance	to	Native	
Range	+	Plants	Mostly	+	Plants	Occasionally












16 77.14 4.9 0.04
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average	 richness	 of	 native	 species	 on	Mediterranean	 islands	 de‐
creased	by	~	17%.
4  | DISCUSSION













history	of	human	 introductions	 in	 the	Mediterranean	basin	makes	
the	identification	of	species	as	alien	challenging	and	the	traditional	
approach	prone	to	underestimating	the	occurrences	of	aliens.	Our	










species	 is	 rarely	 at	 equilibrium.	 However,	 the	 temporal	 extent	 of	
human	interactions	in	the	Mediterranean	has	spanned	millennia	and	
many	 reptiles	have	probably	been	 introduced	on	 islands	 centuries	
or	even	thousands	of	years	ago,	thus	potentially	allowing	the	native	
and	alien	island	biotas	to	reach	a	new	equilibrium.	Studies	suggest	
that	 alien	 richness	 is	 related	mainly	 to	human	population	 size	 and	
other	human‐related	variables,	in	addition	to	island	size	(e.g.,	Roura‐
Pascual,	 Sanders,	 &	 Hui,	 2016).	 Our	 findings	 suggest	 that	 human	
factors	are	indeed	more	important	than	geographic	ones	(e.g.,	island	
area),	 even	 after	 a	 long	 introduction	history,	 but	 nonetheless	 that	
the	joint	effect	of	geographic	and	human	factors	can	be	important.
The	 probability	 that	 a	 reptile	 record	 is	 native	 decreased	 with	
distance	 from	the	native	mainland	 range.	This	 finding	 is	not	unex‐
pected,	given	that	human‐mediated	dispersal	can	move	species	over	















alien	 species	 phylogenetically	 distant	 from	 the	 native	 community	
are	most	 likely	 to	 become	 established.	Our	 results	 are	 potentially	
in	agreement	with	these	predictions,	since	alien	species	present	on	
islands	far	from	the	native	range	are	less	likely	to	be	closely	related	








Phillips,	&	 Shine,	 2011).	 Elton's	 species‐richness	 hypothesis	 states	
that	 species‐rich	 communities	 are	more	 resistant	 to	 invasions	 be‐
cause	more	of	the	available	niche	space	is	used	by	the	natives.	This	
might	accord	with	the	observed	pattern,	given	that	native	richness	
is	generally	 lower	on	 islands	 far	 from	the	mainland	 (Warren	et	al.,	
2015).	 Nevertheless,	 several	 studies	 found	 weak	 support	 for	 this	
pattern,	as	in	many	cases	the	richest	communities	have	more	alien	








of	 human	 impact	 (e.g.,	 Ficetola	&	Padoa‐Schioppa,	 2009;	 Roura‐
Pascual	et	al.,	2016;	Spatz	et	al.,	2017);	however,	other	parameters	
may	better	target	the	key	drivers,	such	as	the	frequency	of	tour‐




tance	 of	 integrating	 human‐related	 variables	 into	 biogeographic	
analyses.
Since	our	study	area	involves	ancient	introductions,	we	could	not	





as	 a	 significant	part	of	 their	 diet,	 generally	not	depending	on	ver‐
tebrates	as	a	main	resource.	These	traits	are	clearly	not	associated	
with	colonization	but	with	success	of	establishment	and	persistence.















at	 the	 population	 level,	may	 also	 be	 evident	 at	 the	 biogeographic	
scale,	as	diet	spectrum	of	species	emerged	among	the	most	import‐
ant	factors	(Figure	2).	It	is	also	possible	that	herbivorous	lizards	sur‐
vive	better	during	 transit	 to	a	new	 island,	 for	 instance	because	of	























ing	 of	 present‐day	 biodiversity.	 When	 projecting	 the	 model	 built	
using	genetic	data	to	a	dataset	of	records	lacking	genetic	data,	we	
identified	many	species‐by‐island	combinations	that	might	actually	
be	alien	 records.	Model	 extrapolation	 certainly	 incurs	 a	degree	of	
error	and	cannot	be	used	as	the	sole	source	of	 information	on	the	
status	of	species	on	islands.	Nevertheless,	projecting	the	model	to	
the	 putative	 dataset	 provides	 preliminary	 information	 on	 the	 fre‐
quency	of	cryptic	invaders	in	this	system	and	highlights	species	and	











The	 integration	 of	 distribution,	 genetic	 and	 fossil	 data	 allowed	
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